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Summary : {6R)-/6-ZHj- and (6S)-[6-IHIS-enolpyru@hikimate-3-phosphate have been synthesisedfor the 

kinetic analysis of the choriwuate synthase reaction. The synthesis uses purified shikimate kmase and EPSP 

synthase for enantrospecific biotransformations and also crcuifies the stereochemical course of the Diels Alder 

reaction in the synthesrs of shtkrmic acid. 

5-Enolpyruvylshikimate-3-phosphate (lOa, EPSP) is the substrate for the enzyme chonsmate synthase 

(EC 4.6 1.4), the final enzyme on the common shikimate pathway. 1 Chorismate synthase catalyses the rrans 

1,4-elimination of phosphate from EPSP to produce chorismate. 273 The mechanism of this reaction has been 

the source of much speculation but still remains poorly understood. 3*4.5,6 As part of a detailed kinenc study 

of the chorismate synthase mechamsm we required (6R)-[@H]EPSP 10~. The observation of a pnmary 

kinetic isotope effect in the chorismate synthase reaction would reveal the kinetic significance of the carbon- 

hydrogen cleavage step in the enzyme reaction mechanism, and be a first step towards elucidating the 

mechanism. 

A synthesis of unlabelled EPSP has been previously reported.7 In this paper we report the synthesis of 

(6R)-[G2H]EPSP and (sS)-[@H]EpSP. The strategy uses a Diels Alder based synthesis of stnkimlc acid89 

followed by enzymic conversion to EPSP. The isotopic label is introduced from the Z and E isomers of [3- 

zH]acrylic acid, which were syntheslscd from the correspondmg bromoacryhc aclds10 (Scheme I). 

(0 (a) = 

or @) 

2a 2b 

laR,=H,R*=Br - 95% 5% 

lbR,=Br.RZ=H - 5% 95% 

Scheme I (i) (a) 8% aq HBr. WC. 60%; (b) 48% aq. HBr, l#“C, 55%; (it) 2.5 equivalents of 2 5% sodurn amalgam in D20 

The (Z)- and (E)-3-bromoacrylic acids la and lb were synthesised by the methods of Bey and 

Vevertll and of Gout and Corkill* respectively. Reduction by sodmm amalgam in D2012 gave the 

corresponding [3-zH]acrylates 2a and 2b which contamed greater than 99% atomic deuterium with 95% 

stereoselectivity (by lH NMR spectroscopy). This preparation of deuteriated acrylates was preferred to the 

method published by Hill and Newkome,lj using the Diels Alder adduct of anthracene and propiolic acid 

which is experimentally more difficult and did not give as high a level of stereospecific deuterlum 

incorporation 
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The deuteriated acrylates 2a and 2b were converted to the correspondmg stnkimates 8a and 8b 

following the route of McCrmdle et al. 8 and Smissman et al 9 (Scheme II). McCrindle et al carried out the 

Diels Alder reaction of acrylic acid and (E,E)- 1.4~diacetoxybutadiene, and the adduct formed was assigned to 

have endo stereochemistry 4 (R=H). The analogous reaction carried out by Smtssman et al. using methyl 

acrylate gave what was assigned to be the exe adduct 3 (R=Me). This difference in stereochemical 

assignment is not of great importance in the synthesis of unlabelled shikimic acid but is critical in our synthesis 

of labelled shikimate to preserve the stereochemical integrity of the deuterium at C-6. For this reason both 

Diels Alder reactions were investigated under the original published conditions89 and both were found to 

result in the formation of an approximately 80:20 mixture of distercomers, as determined by 1H and l3C NMR 

spectroscopy. The coupling constants in the lH NMR spectra of the intermediate 5 show the ester group to be 

cis to both acetoxy groups in the major isomer resulting from both Diels Alder reactionsI This is consistent 

with data published by McCYindIe et al. *5 Further evidence was the relative east of base catalysed elimination 

of acetic acid from the protected diol 6 by DBU (6 equivalents) in ether under reflux to give the protected 

shikimate 7 in good yield (85%). This contrasts with the pyrolytic conditions necessary to effect what was 

believed to be a ci.s eIimination process from a derivative of the exe adduct. 

The required endo diastereomer 4 (R=H) was punfied easily from the mixture by two 

recrystallisations from toluenejpetroleum ether (40-60’) in an overall yield of 40%. This was then converted to 

shikimic acid (8) in 6 steps (as shown in Scheme II). The synthesis p~~eeds through the same intermediates 

as previous synthese@ but uses different reagents and proceeds in an improved overall yield of 20%. The 

extent of deuterium labelling in the acrylate 2a or 2b was retained in the isolated slnkirmc acid in the 

stereochemistry corresponding to the endo intermediate 4.16 

3 20:80 4 
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Scheme II (a) WC, 4 in 40% yield after 2 reerystallisations t?om toluene@etroleum ether (40-600), (b) CH2N2. Et20, 100%; 

(c) aq.OsOg(l%). Nat303 (1.5 equiv.), 65%; (d) 22dimethoxypropane, gtoluene-sulphonc acid, 80%: (e) DBU (6 eqmv ), Et20 

reflux, 85%; (f) aq. AcOH 609b. 70°C. 60%; (g) K2CO3, MeQH/H20; (h) Dowex (H+) 80%. 

The enzymes shikimate kinase and EPSP synthase catalyse the conversion of (->shikimate to EPSP, 

via shikimate-3-phosphate. In our preparation of deuteriated EPSP, shikimate kinase and EPSP synthase were 

each purified from an overexpressing strain of E. cofi 17~8 and used to transform shilumate (8) to shikimate- 

3-phosphate (9) then EPSP (10) (Scheme III). The transformations were performed sequentially in an NMR 

tube under observation by tH NMR spectroscopy (Figure 1) 
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Scheme III (1) 1.8 U shtiate kmase, 24h. (Q 0.08 U EPSP synthase 8h. Both txansformanons were carried out squentily 
on 1OOmM racemx shilumic acid m lml D20, pD7.1 (Tns-DCI, 5OmM) at 25°C contaimng 50mM MgC12, 50mM ATP and 

50mM PEP. 

The reaction con&tions favoured the EPSP synthase reaction which functioned close to its ~,,,.ls 

Under these conditions shikimate kinase functioned below one tenth of its optimal activity17 hence relatively 

more of this enzyme was required for the transformation Both reactions were easily monnored by a 

downfield shtfr in the C-2 proton resonance on addition of each enzyme. A comparison of the integrals of the 

EPSP signal and the residual (+)-shiktmate signal, on completion of both reactions, suggests that the overall 

conversion was enantiospecific and vimrally quantitative. 

I-II -J iA c__~ - shklmale kInale 

65 6D wm 

Figure 1 A tlmecourse of *H NMR spectra showing the convcrs~on of racemic shikimate (8) to homochral shlklmate 

phosphate (9) and on to EPSP (IO). (+)Shtimate does not react. Shlkimatc kinasc IS added at t=O and EPSP synthase at t=24 

h. The C-2 proton resonance occurs progressively further downfield m shtiatc, shtlumatc phosphate and EPSP. The sIgna at 

66 0 is an invariant ATP/ADP resonance 

A purification of EPSP from the resulting mixture was achieved by anion exchange chromatography 

adapting the procedure used by Knowles and Sprinson in the preparation of EPSP from shiktmate-3- 

phosphate. l9 The reaction mixture was first treated with apyrase (Sigma, grade VII), which degrades ATP 

and ADP to AMP and inorganic phosphate facilitating the isolation of uncontaminated EPSP20 (ADP co-elutes 

with EPSP). The dibanum salts of (6R)-[6-2H]EPSP and (6S)-[6-2H]EPSP were prepared by precipitating 

with barium acetate,19 in an overall isolated yield of 40% from 8. 22 (6&[6-2H]EPSP was used m kinetic 

studies of chorismate synthase, where a primary kinetic isotope effect was observed.23 
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